For organisms to adapt to future environments, they must both evolve appropriate functional responses and phenotypically express those responses under future climatic and CO 2 conditions. We examined these 2 components of future adaptation in an invasive annual plant (Polygonum cespitosum) by performing a "resurrection" experiment under field conditions simulating a future environment. Resurrection experiments reveal recent evolution by comparing genotypes from natural populations sampled across a multigeneration interval. We collected genotypes from the same 3 North American populations in 1994 and 2005 and raised inbred lines from these collections under free air CO 2 enrichment to examine functional and fitness traits expressed in hot, dry conditions at both ambient and elevated CO 2 (N = 295 plants). The species has rapidly evolved in its introduced range to increase photosynthetic rate (collection year effect P ≤ 0.011) and delay senescence (P = 0.017) under full-sun, dry field conditions, but these adaptive changes were not expressed when the field environment included elevated CO 2 (within-treatment year effect P ≥ 0.20 for both traits). Populations showed different levels of reproductive output and its genetic variance in these novel, stressful conditions. These findings illustrate constraints on evolutionary adaptation to predicted future conditions at both the species and population levels.
these predicted conditions, but also on the ability of individuals of the species to phenotypically express such newly evolved adaptations in future multifactorial environments (Etterson and Shaw 2001; Jump and Peñuelas 2005; Pinto-Marijuan and Munné-Bosch 2013) .
This focus on phenotypic outcomes under real-world conditions, and studies of the environmental context dependency of trait expression in general, have been termed "ecological developmental biology" (Gilbert 2001; Sultan 2007 Sultan , 2015 Gilbert and Epel 2008, 2015) . Individual physiological and developmental responses to predicted aspects of global change such as elevated CO 2 levels have been studied in many plant taxa (Etterson and Shaw 2001; Parmesan 2006; Steinger et al. 2007) . However, although adaptive responses to future environmental stresses are considered key to the future success of invasives, trait expression in such taxa has been relatively little studied Zenni et al. 2014) . Even less is known about the potential in either invasive or native systems to rapidly evolve functional or fitness traits that are adaptive to novel conditions, or the ability of individuals to express such newly evolved individual responses under realistic environmental circumstances (Ward and Kelly 2004; Lau et al. 2007; Vannette and Hunter 2011) .
To investigate the evolutionary potential and phenotypic expression of adaptive responses to predicted future conditions, we performed a "resurrection" study at a free-air CO 2 enrichment (FACE) site that realistically simulated such conditions. Resurrection experiments directly track microevolutionary change by sampling genotypes from a given population before and after a multigeneration time interval, and then raising them in a common environment; before-versus-after differences in the resulting phenotypes reflect evolutionary changes that have occurred during the interval (Franks et al. 2008) . For this experiment, we used the newly invasive Asian shade annual Polygonum (s.l.) cespitosum (Blume). This highly plastic, evolutionarily labile invasive plant provides an excellent system in which to study potential adaptation to future environments. Individuals exhibit pronounced adaptive plasticity for functional and fitness traits (Matesanz et al. 2012) , and populations are known to contain substantial neutral as well as quantitative genetic variation (Matesanz and Sultan 2013; Matesanz et al. 2014a; Matesanz et al. 2014b) . During the past 2 decades, P. cespitosum has expanded its ecological range in northeastern North America to include more open, potentially drier sites and has also shifted its distribution within existing populations to sunnier microsites (Mehrhoff et al. 2003; Matesanz et al. 2015) . At the same time, introduced-range populations of the species have rapidly evolved adaptive responses to high-light conditions, including enhanced ecophysiological function and greater reproductive output .
We collected genotypes from 3 northeastern North American P. cespitosum populations in 1994 and again in 2005, following the onset of this species' invasive spread in the region (Mehrhoff et al. 2003) . After a "refresher generation" of growth under uniform conditions, we grew replicate inbred seedlings of 1994-and 2005-collected genotypes in 2 simulated multifactorial future environments at a FACE site (Ainsworth and Long 2005) . Both experimental field environments were exposed to full sun and were hotter and drier than sites currently inhabited by the species (Matesanz and Sultan 2013) , simulating predicted climate change in parts of the species' introduced North American range (Karl et al. 2009 ). One of the 2 experimental environments also included the elevated CO 2 level expected to occur by the year 2050 (Christensen et al. 2007) , whereas the other environment remained at current ambient CO 2 concentration. We compared the expression of key functional, anatomical, and life-history traits by 1994 and 2005 genotypes to test 1) whether the species has recently evolved functional traits that may be adaptive to predicted future combinations of sun, heat, and dry soil and 2) whether individuals expressed any such recently evolved changes when the novel multifactorial environment included elevated CO 2 . The experimental design also allowed us to compare reproductive output and its among-genotype variation expressed by the 3 populations in the simulated future environments, to assess populationlevel differences in fitness and further evolutionary potential.
Materials and Methods

Experimental Material and Design
Polygonum cespitosum is a primarily self-fertilizing herb introduced to North America from eastern Asia in the early 20th century (Paterson 2000 ; further references and details in Matesanz et al. 2012) . Plants continue to produce single-seeded fruits (achenes) indeterminately until they senesce, so timing of senescence strongly affects reproductive output. We sampled genotypes in 1994 and 2005 from the same 3 northeastern North American populations of P. cespitosum (ARL = Arch Road, Leeds, MA; ORD = Katherine Ordway Preserve, Weston, CT; WEI = Weir Farm, Wilton, CT). These are well-established, geographically separate populations that occupy at least 100 m 2 and present abundances of Polygonum reproductive individuals ranging from 75 to 150 plants/m 2 . All 3 populations occupy disturbed sites where both light and soil moisture vary spatially as well as temporally; however, the ARL site is more heavily and consistently shaded (site details in Sultan et al. 1998 ). Light and moisture conditions at these sites have remained generally unchanged since 1994 see Matesanz et al. 2015 for information regarding the species' current ecological range in this region).
We collected achenes from 8-10 field plants per population (located ≥1 m apart along linear transects) in 1994 and again in 2005, for a total of 55 families (8-10 field plants × 3 populations × 2 collection years). Achenes were germinated, raised to maturity, and self-fertilized under uniform glasshouse conditions for 2 generations of inbreeding to produce 55 inbred (selfed full-sib) genetic lines, eliminating potentially confounding effects of both seed age and parental environment . Because P. cespitosum is highly self-fertilizing and exists in nature as multiple homozygous lines, selfing for 2 generations did not decrease genetic variation (based on microsatellite markers, the inbreeding coefficient (F IS ) in North American populations ranges from 0.75 to 0.98; Matesanz et al. 2014b) .
Achenes of each highly inbred line (genotype) were stratified at 4 °C for 5 weeks and germinated in moist vermiculite. Seedlings were transplanted in a glasshouse at the first true leaf stage (29-30 May 2008) into SB 300 Universal Mix (SunGro Products, Los Angeles, CA), then after 2 weeks into a 1:1 mixture of SB 300: sterilized FACE site soil, and finally outplanted (20-22 June) at a naturalistic density (45 individuals/m 2 ; Matesanz et al. 2015) . One replicate seedling per genotype was outplanted into each of 3 spatially separate, replicate ambient and elevated CO 2 field plots located at the University of Illinois FACE site (details in Horgan-Kobelski 2010; Ainsworth and Long 2005) . Each experimental block consisted of a separate FACE enrichment unit and an ambient plot, paired based on similar soil moisture and height of adjacent vegetation. Genotypes were randomly distributed across each of these blocked treatment plots (see Sultan 2000 for a similar design).
After transplant losses (15 seedlings), the final sample consisted of 315 plants (8-10 genotypes × 3 populations × 2 collection years × 2 experimental treatments × 3 genotypic replicates/treatment).
Experimental Field Treatments
Field treatments represented more extreme drought-stress and insolation conditions than the species' current habitats within the introduced range. Soil moisture (% weight) in the experimental plots averaged 11.4 ± 3.0% moisture, compared to the species' current ecological range in northeastern North America of 13.5% (± 4.4%) to 59.1% (± 11.3%) moisture. Light intensity at Polygonum canopy height was c. 100% of available photosynthetically active radiation (PAR) during midday hours, compared with means of 5.5-48.7% PAR in introduced-range field habitats (Matesanz et al. 2015.) . One plot in each of the 3 blocks was maintained at 550 ppm CO 2 (estimated global CO 2 level in 2050; Christensen et al. 2007) , and the other plot remained at current ambient CO 2 (c. 380 ppm; site details in Leakey et al. 2004 ). Plants were grown for 8 weeks in the field treatments, until all plants had begun to senesce (≥10% senescent leaves).
Data Collection
Instantaneous photosynthetic rate and stomatal conductance were calculated from gas exchange measurements made on the most recent fully expanded leaf on a primary branch of each experimental plant of this C 3 species, at midday (10:30-14:30 h) during sunny midsummer days (between 23 July and 11 August). Measurements were made using a Licor 6400 photosynthesis system (Licor, Inc., Lincoln, NE) with red/blue light-emitting diode light at photosynthetic photon flux density = 1700 µmol m −2 s −1 and reference CO 2 concentrations of 380 ppm (ambient treatment) or 550 ppm (elevated treatment). During gas exchange measurements, temperature in the leaf chamber was controlled (at 31 °C), and relative humidity was maintained by holding constant the ambient level (within a specified range of 50-80%). Data were excluded if chamber temperature or humidity varied during the measurement. Leaf tracings were scanned on an LI-3100 leaf area meter (Licor, Inc.) for per-unit area rate calculations. Gas exchange data from plants that were wilted or senescent were excluded; one genotype was excluded because only 2 data points met the inclusion criteria. Whole plant senescence was estimated after 8 weeks of growth in the experimental plots as the percentage of leaves (to the nearest 10%) with >50% of their area chlorotic.
To measure leaf anatomical (stomatal) traits, epidermal impressions were made by applying a layer of clear nail varnish (Sally Hansen™) on the abaxial surface of the most recent full-expanded leaf from each plant in 2 experimental blocks. Air-dried impressions were mounted on slides, and epidermal cells counted in a 340 × 445 µm frame on a compound microscope to calculate the density of stomatal guard cells or "stomatal index" (½ × [guard cells/ (guard cells + epidermal cells)]) (Royer 2001) . Ten guard cells from each frame were individually measured to determine mean guard cell length.
Reproductive output was measured by manually collecting all mature achenes every 7-10 days during weeks 3-8 of growth in the field environments. Total achene number at week 8 was determined for each plant either by counting or by dividing the total mass of achenes collected by the average individual achene mass for that plant (based on a weighed subset of 10-20 air-dried achenes). Both methods yielded equivalent results according to a random subsample of 20 plants (Pearson pairwise correlation r = 0.946; P < 0.0001).
This measurement underestimates total lifetime reproductive output (particularly for plants in the ambient CO 2 plots) because plants had not undergone complete senescence (depending on collection year, plants in the ambient CO 2 plots had 78-85% nonsenescent shoot tissue and plants at elevated CO 2 61-66% nonsenescent tissue).
Data Analysis
Mixed-model analysis of variance (ANOVA) with type III sums of squares (JMP Version 7; SAS Institute, Cary, NC) was used to test for the (fixed) effects of CO 2 treatment, population, collection year, and their interactions; the (random) effect of genotype (nested within population and year); and the (fixed) effect of block on instantaneous photosynthetic rate, stomatal conductance, stomatal index, guard cell length, and total achene number. Genotype × CO 2 interaction was nonsignificant and hence was pooled with the error term for all traits; genotype was nonsignificant and hence pooled with error for the 2 stomatal traits. To protect against the possibility of spurious significance due to multiple tests in this group of 4 traits, we compared the number of observed significant results (at an α level of < 0.05) to the total number of significance tests performed (Waples R, personal communication). According to this assessment of the dataset, 10 significance tests out of a total of 34 tests performed (= 29.4%) fell below the 5% significance level, compared with 1.7 tests (5% of the tests performed) that would be expected to reach this significance level by chance alone, confirming that the dataset departs quite substantially from a null model. The possibility of inflated significance tests across the dataset is also minimized by the independence of these particular traits (as opposed to highly correlated growth traits such as height, branch number, and biomass). We used 1-way ANOVA to test for the effect of collection year within each treatment. Senescence data were analyzed with Kruskal-Wallis nonparametric ANOVA on ranks (Zar 1999) . We conducted BrownForsythe tests on genotypic means in each treatment to compare genetic variance for achene number among populations.
Data were excluded from 20 individuals (≈7% of the total sample size) with trait values ≥3 standard deviations from the mean for that population, collection year, and treatment, indicating aberrant microsites (Griffith and Sultan 2012) ; data from 7 plants were excluded due to experimental error.
In fulfillment of data archiving guidelines (Baker 2013) , we have deposited the primary data underlying these analyses with Dryad.
Results
All 3 study populations of P. cespitosum from the species' introduced North American range have recently evolved to express higher photosynthetic rates under full sun, dry field conditions that are outside the previous selective history of the species. In the ambient CO 2 field treatment, genotypes collected in 2005 had 13% higher instantaneous photosynthetic rates on average than 1994 genotypes from the same populations (P = 0.011 for effect of collection year in withintreatment 1-way ANOVA). However, when plants were grown in the elevated CO 2 field treatment, 2005 genotypes did not express this increased photosynthetic rate, but instead had a slightly (nonsignificantly) lower rate than 1994 genotypes (P = 0.22 for effect of collection year in 1-way ANOVA, cf. significant year × treatment interaction, Table 1; Figure 1a ). This was largely due to an absolute reduction of photosynthetic rate in 2005 genotypes at elevated CO 2 ( Figure 1a ). As expected, P. cespitosum plants reduced stomatal conductance at the elevated CO 2 treatment (by an average of 19%: treatment effect P ≤ 0.001; collection year and population main and interaction effects on conductance were nonsignificant). 2005 genotypes of all 3 populations also delayed senescence in sunny, dry conditions compared with 1994 genotypes, with a significantly lower proportion of senescent leaves after 8 weeks of growth in the field (Figure 1b ; P = 0.017 for effect of collection year in within-treatment Kruskal-Wallis nonparametric ANOVA). However, this significant delay in senescence was not expressed by 2005 genotypes grown at elevated CO 2 (P = 0.266 for effect of collection year in withintreatment Kruskal-Wallis nonparametric ANOVA).
For both stomatal traits, evolved changes in environmental response from 1994 to 2005 as well as expression differences between ambient and high CO 2 differed among study populations. Each of the 3 populations showed unique evolved changes in stomatal index (density) that varied in expression depending on CO 2 treatment (treatment × population × year interaction effect P = 0.0003; Table 1 ; Figure 2a-c) . As a result of among-population response differences, there was no significant main effect of CO 2 treatment on stomata size (NS treatment effect on guard cell length, Table 1 ); populations showed different patterns of evolutionary change for this trait as well (population × year interaction, Table 1; Figure 2d-f) .
There was no effect of year (or its interactions with treatment and/or population) on reproductive output (total achene number as of week 8, the onset of senescence). The lack of a treatment or treatment × year effect most likely resulted from measuring achene production as of this constant age, which did not capture the reproductive-output effects of delayed senescence and greater lifetime net assimilation in the 2005 genotypes grown at ambient CO 2 . However, the constant-age reproductive output measurement revealed marked differences among the 3 populations across both hot, dry field environments and collection years (note that since populations did not differ in photosynthetic rate or senescence timing responses, these population differences are expected to remain consistent with respect to lifetime achene number). On average, both 1994 and 2005 genotypes from the ARL and WEI populations had produced c. 2.5× more achenes by week 8 in both treatments than genotypes from the ORD population (significant effect of population, NS main and interaction effects of year and treatment; Table 1; Figure 3 ). Populations also contained different amounts of genetic variation for this component of fitness. While there was significant genetic variation for week 8 reproductive output across all 3 populations (significant main effect of genotype, Table 1), genetic variation in reproductive output was (marginally nonsignificantly) greater in the ARL and WEI populations than in the ORD population (P < 0.06 in Brown-Forsythe tests for all pairwise comparisons of ARL or WEI vs. ORD in each treatment). Norm of reaction plots showed that the 2005 samples from the former 2 populations included certain genotypes that expressed high reproductive output at elevated CO 2 , while this was less true in the ORD population (Figure 4 ). Many genotypes from ARL and WEI achieved substantially higher reproductive output than any genotypes from ORD. This suggests that ARL and WEI have the potential to evolve higher fitness in these novel environments than ORD.
Discussion
We compared phenotypic expression by genotypes of the invasive annual P. cespitosum that were collected from populations in the species' introduced range across a recent, 11-generation evolutionary interval (1994 to 2005) and grown at a FACE site in simulated future conditions. This field environment was sunnier, more exposed, and drier than the species' existing (and previous) habitat range, so this design tested both recent evolutionary changes and their phenotypic expression under novel environmental demands.
In the novel field environment that included current ambient CO 2 concentration (c. 380 ppm), plants from all 3 study populations expressed shared, recent changes in 2 functional traits: 2005-collected genotypes increased instantaneous photosynthetic rate (per unit leaf area), and delayed senescence, compared to 1994 genotypes. Such rapid evolution of traits of clear functional importance has been documented in a number of introduced species (Moczek and Nijhout 2003; Bossdorf et al. 2005; Matesanz et al. 2010; Grossman and Rice 2014) . Both of the changed responses documented here would likely benefit plants in natural populations encountering sunny, dry conditions. Higher photosynthetic rates could facilitate P. cespitosum's spread into sunny, resource-rich sites by increasing individual growth rate and consequently fitness in such habitats.
The rapid, recent evolution of increased photosynthetic performance in full-sun field conditions confirms previous results from a series of glasshouse resurrection studies documenting both recent evolutionary change in photosynthetic response to high light and the adaptive value of that change, in these same P. cespitosum populations ). In the glasshouse experiments, 2005 genotypes increased instantaneous photosynthetic rate by 20% more in high light than did 1994 genotypes; in the present study, the plants expressed a more modest 13% increase, possibly reflecting the greater moisture and heat stress at the FACE site. The glasshouse data further showed that 2005 genotypes had significantly higher reproductive output than 1994 genotypes at high-light growth treatments with both moist and dry soil, showing that introduced-range populations of this previously shade-distributed species had evolved to express greater fitness in open conditions . Intriguingly, this evolutionary change in individual patterns of environmental response (or norms of reaction) appears to have resulted from selection for greater adaptive plasticity in the variable light and moisture environments that characterize these populations (discussion and references in ).
The present study also revealed that plants in the study populations had evolved norms of reaction that delay senescence at the FACE site under ambient CO 2 . In a species with indeterminate growth and flowering such as P. cespitosum (and indeed most if not all invasives), this phenological change would allow for an extended period of assimilation, shoot growth, and fruit production, leading to greater reproductive output (Arntz and Delph 2001; Gregersen et al. 2013) . Comparative studies have shown that invasives often show greater shifts in phenology in response to climate change than do native taxa, allowing them to extend their growing season in ways that contribute importantly to their success in the introduced range (Willis et al 2010; Wolkovich et al 2013) .
The expression by 2005 plants of increased photosynthetic rate and delayed senescence at the sunny, dry FACE site exemplifies the way previously evolved functional trait plasticity may contribute to phenotypes that are adaptive under novel, future conditions. Indeed, existing adaptive norms of reaction are expected to play a critical role in allowing organisms to initially accommodate the rapid environmental shifts that characterize global change Sultan 2007; Nicotra et al. 2010; Vedder et al. 2013 ). However, neither the increased photosynthetic rate nor the delay in senescence expressed by recently sampled P. cespitosum plants at the FACE site was found when the novel field conditions included the predicted high future level of atmospheric CO 2 . This finding exemplifies a potentially critical limit on adaptation to future environments: adaptive patterns of environmental response may not be expressed at elevated CO 2 , which directly or indirectly alters numerous regulatory elements affecting development and gene expression in plants (e.g. Ainsworth et al. 2006; Song et al. 2009 ) and other organisms as well (for instance bacteria, Hoffmaster and Koehler 1997, and marine animals, Portner et al. 2004; Todgham and Hofmann 2009) . Moreover, combinations of future environmental conditions may affect phenotypic expression in ways that are difficult to predict based on single factors. For instance, high CO 2 can initially increase photosynthetic rates in many herbaceous C 3 plants such as P. cespitosum, but such responses are much diminished at high temperatures (Poorter and Navas 2003; Wang et al. 2012) .
The fact that these recently evolved physiological and life-history traits were not expressed by P. cespitosum plants grown at elevated CO 2 in a sunny, hot site shows that even in species capable of rapidly evolving adaptive norms of reaction (and therefore predicted to successfully accommodate changing environments), success under global change can be constrained by the effect of future environments on phenotypic expression. Species-specific phenotypic responses to predicted global changes in CO 2 level, as well as in temperature and precipitation, may either promote or reduce the functional and competitive success of invasive plants, and hence their future impact (Bradley et al. 2010; Dukes et al 2011) . Even more broadly, the ability of both introduced and native taxa to produce phenotypes that are functionally adaptive to future conditions may be limited in unpredictable ways, because a novel environmental factor or combination of factors can disrupt the transduction pathway leading to expression of adaptive phenotypes in a given developmental system (Sultan 2007; Ghalambor et al. 2007; Gilbert and Epel 2008) . It is important to note, however, that organisms have not yet been subjected to prolonged directional selection under the very high levels of atmospheric CO 2 that are anticipated. The extent to which such selection may lead to the evolution of altered developmental systems able to express adaptive phenotypes under elevated CO 2 is not yet known.
Note that the adaptive importance of specific traits may also differ in future conditions, since the contribution to fitness of a given trait varies depending on the environment and its particular functional demands (Sultan 2015; e.g. Dudley 1996) . For instance, when grown at elevated CO 2 , plants that use C 3 photosynthesis (the vast majority of species) almost universally reduce stomatal aperture and consequently water conductance (while still admitting the same quantity of carbon for fixation; Ainsworth and Long 2005) . As a result, such plants may lose less water relative to carbon gain, which could reduce drought stress and therefore selection for droughtresistance traits. Regardless of collection year, P. cespitosum plants grown at elevated CO 2 showed this expected reduction in stomatal conductance. This result suggests that the increased plasticity for allocation to water-collecting root tissues expressed by 2005 genotypes in response to dry or mesic, full-sun conditions ) may be less important for future adaptive success if such conditions also include elevated CO 2 .
Two further limits to future adaptation can occur at the intraspecific level: as a result of their prior evolutionary histories, all populations of a given species may not be equally able to 1) maintain or 2) selectively improve fitness in novel conditions. These populationlevel limits also arise from patterns of phenotypic expression in specific environmental conditions. The first point is illustrated by the consistently low reproductive output of genotypes from the ORD population in both of the sunny, dry FACE site treatments. (Although we found no effect of CO 2 treatment on reproductive output, it is likely that all populations would have shown a reduction in lifetime achene number at the elevated CO 2 treatment compared with the ambient treatment if measured following complete senescence; see Results). This pronounced among-population fitness difference was unexpected, as these genotypes had reproduced no less than those from the other populations in a range of glasshouse environments that simulated the species' current North American habitats . Evidently, existing genetic elements resulted in a very different fitness outcome under the novel, stressful conditions at the FACE site.
Performance in novel environments may be influenced by "cryptic" genetic variation that is either not expressed or expressed with no fitness consequences, in more common environments (Weinig and Schmitt 2004; Ghalambor et al. 2007; Le Rouzic & Carlborg 2008; Paaby and Rockman 2014) . Such cryptic, "conditionally neutral" variants can persist or accumulate in populations that lie within those environmental parameters, yet lead to the expression of new phenotypes-whether adaptive or maladaptive-in novel or extreme conditions (Moczek et al. 2011; Anderson et al. 2013; and references therein) . Such variation may originate by mutation, either in source populations or in situ, or be introduced via gene flow. Depending on the prevalence and distribution of such conditionally neutral loci in natural systems (Ledón-Rettig et al. 2014 ), population differences in performance and evolutionary potential in future environments may be dramatic and unpredictable (e.g. Al-Hiyaly et al 1988; Travisano et al 1995; Kelly et al. 2011) . That simulated future environments exposed dramatic, previously cryptic differences in reproductive output suggests that the long-term persistence of local P. cespitosum populations, and their relative contributions to the species' invasive spread, may vary across the species' North American range.
Finally, populations may differ in their evolutionary potential to further adapt to the novel environmental challenges predicted to comprise global change. Such selective change requires the presence of genotypic variants able to express phenotypes that realize high fitness in future conditions. Those conditions will certainly include high atmospheric CO 2 as well as climatic changes to temperature and precipitation patterns. The three introduced-range populations of P. cespitosum revealed different amounts of quantitative-genetic variation for reproductive output as expressed in the FACE site environments. Based on norms of reaction for our modest genotypic sample, 2 of the populations included several genotypes that reproduced well (i.e. produced ≥150 achenes) in the hot/dry field conditions, and in certain cases maintained or exceeded this level of reproductive output under elevated CO 2 . The third study population, which had significantly lower average reproductive output (ORD, discussed above), lacked such genotypes.
As a result of their particular evolutionary history, certain populations of a given species can lack the genetic variation that might possibly fuel the evolution of adaptive responses to future environments (e.g. Kelly et al. 2011) . Polygonum cespitosum is a largely inbreeding species yet outcrossing takes place as well; although most achenes simply fall near the parent plant, occasional dispersal via animals or humans can initiate new populations in distant sites and, depending on patterns of movement, contribute to genetic heterogeneity. In such systems, the impact of founder effects, genetic drift, and low gene flow are likely to vary considerably among populations, leading to differences in the amount of genetic variation, including quantitative genetic variation for phenotypic responses to novel environments. Significant population-level differences in this aspect of evolutionary potential were confirmed in a larger study of northeastern North American populations of P. cespitosum, in which functional and fitness norms of reaction were determined for c. 20 genotypes from each of 6 populations grown in 2 contrasting glasshouse "habitats" including a sunny, dry treatment (Matesanz et al. 2014a ; for further information on population structure and quantitative genetic variation in these introduced-range populations, see Matesanz and Sultan 2013; Matesanz et al. 2014b ).
The population-specific evolutionary changes from 1994 to 2005 in the size and frequency of stomata produced by plants in the 2 FACE-site environments also are likely reflections of local genetic constraints (see Lee 2002) . These leaf anatomical traits are generally expected to evolve slowly (on the scale of thousands of years or more) and predictably, tracking long-term changes in atmospheric CO 2 concentrations (Royer 2001) . It is intriguing that in this invasive, environmentally plastic annual plant, the expression of stomatal traits appears to be quite evolutionarily labile.
Conclusions
As a result of global change, future environments within the North American range of the invasive P. cespitosum are expected to include high light, greater heat, drought stress, and elevated CO 2 concentration, conditions that the species has not encountered in its previous selective history. Our findings revealed three potential limits to successful adaptation to these future conditions, even in an evolutionarily labile species such as this invasive annual plant. 1) Although North American populations of P. cespitosum have recently evolved to increase photosynthetic rate and delay senescence under full-sun, dry conditions, this adaptive plasticity was not expressed under elevated CO 2 .
2) The populations differed markedly in reproductive output in these novel, stressful conditions, possibly reflecting the accumulation of genetic variation that is cryptic (conditionally neutral) in the species' current habitats; and 3) quantitative genetic variation for fitness response to simulated future conditions differed among populations, indicating differences in evolutionary potential to cope with predicted environmental change through further adaptive evolution. The ability of invasive species and other organisms to succeed in future environments depends on both the expression of functionally adaptive phenotypes from existing genotypes, and the availability of genetic variation for further adaptive evolution, in those environments. Norm of reaction studies under naturalistic future conditions can provide this critically important information.
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